A fast and simple method to detect mycoplasmal contamination in simulated samples of animal sera by using a PCR was developed. The following five mycoplasma species that are major cell culture contaminants belonging to the class Mollicutes were investigated: Mycoplasma arginini, Acholeplasma laidlawii, Mycoplasma hyorhinis, Mycoplasma orale, and Mycoplasma fermentans. After a concentration step involving seeded sera, genus-specific primers were used to amplify a 717-bp DNA fragment within the 16S rRNA gene of mycoplasmas. In a second step, the universal PCR was followed by amplification of variable regions of the 16S rRNA gene by using species-specific primers, which allowed identification of contaminant mycoplasmas. With this method, 10 fg of purified DNA and 1 to 10 color-changing units of mycoplasmas could be detected. Since the sensitivity of the assay was increased 10-fold when the amplification products were hybridized with an internal mycoplasma-specific 32P-labelled oligonucleotide probe, a detection limit of 1 to 10 genome copies per PCR sample was obtained. This highly sensitive, specific, and simple assay may be a useful alternative to methods currently used to detect mycoplasmas in animal sera.
orale, and Mycoplasma fermentans) account for 95% of all contaminations (1, 3, 25, 26) . It has been shown that mycoplasmas produce a variety of effects on cultured cells. Besides affecting cellular growth and morphology, mycoplasmas are known to be able to alter amino acid and nucleic acid metabolism and immunological and biochemical properties and to induce chromosome aberrations, leading to experiments whose results are often unreliable (1, 3, 12, 24, 25) . The main sources of contamination of clean cultures are mycoplasmainfected cultures (1) . The origins of the contaminants (i.e., the direct sources) are often laboratory personnel (M. orale and Mycoplasma salivaritum have been isolated from oropharynxes of 25 to 80% of healthy individuals; M. fermentanis has been isolated more rarely) (38) and commercial animal sera used in culture media (M. argininii, A. laidlawii, M. hyorhlinis) (1, 2) .
Mycoplasma cells are pleomorphic, have diameters of 300 to 800 nm, and lack cell walls (41) . Because of their small size and pliability, mycoplasmas can pass through the 450-and 220-nmpore-size membrane filters usually used for cell culturing (17) . When high-pressure filtration is used some mycoplasmas can occasionally penetrate 100-nm-pore-size final filters (5, 41) .
Like most cell cultures infected by mycoplasmas, serum infections are rarely detected by visual inspection or light microscopy in the absence of obvious signs of infection (e.g., turbidity of sera or media, pH changes, or cytopathic effects on cell lines) (42) . Moreover, serum is not very propitious for mycoplasma growth since it lacks host cells and some essential nutrients and also contains toxic and inhibitory components (27) . Low contamination rates and reduction of contamination rates by filtration for a long time made detection and isolation of mycoplasmas from commercial sera impossible (2, 5) . Three methods are currently sensitive enough to detect mycoplasmas: microbiological culturing, adenosine phosphorylase (AdoP) screening, and the indicator cell culture technique. However, each method has certain disadvantages. The method based on specific broth or agar medium culturing is time-consuming (several weeks), some strains (especially M. hyorhinis strains) are difficult to grow (3, 15, 24, 42) , and experience is needed to perform the technique and interpret the results (42) . The biochemical method lacks specificity since some bacteria (e.g., Bacillus subtilis, Escherichia coli, Salmonella typhimuriulm) produce nucleoside phosphorylase (4, 5, 16) , while some mycoplasma species (e.g., Mycoplasma pneumoniae FH, Mycoplasnma pirum, Mycoplasmna lipophiluim) produce practically none (16) . Moreover, AdoP is a soluble enzyme that is active in the absence of live mycoplasmas (i.e., contaminants) (24) . The method based on inoculation into mycoplasma-free indicator cell cultures is time-consuming because three passages and a final detection technique (e.g., DNA fluorescent staining with 4',6-diamidino-2-phenylindole dihydrochloride [34] or bisbenzimidazole fluorochrome Hoechst 33258 [8] or an enzyme-linked immunosorbent assay [ELISA] with specific antibodies) are needed (19) . Except for the ELISA, these methods cannot be used for direct identification of the contaminants.
In this paper we describe the development of a PCR-based method to detect mycoplasmas in simulated samples of animal sera. Our data show that this rapid and reproducible method possesses not only the high sensitivity necessary for detecting mycoplasmas in sera and the specificity necessary for identifying contaminant mycoplasmas (thus indicating possible sources), but also the simplicity necessary for easy, unambiguous interpretation of results.
MATERIALS AND METHODS
Growth media. The broth and agar media used for growth and titration were BDA, BDG, and GD, as described by Roulland-Dussoix et al. (33) . The base medium contained 21 g of PPLO broth (Difco Laboratories, Detroit, Mich.), 10 g of tryptone (Difco), S g of yeast extract (Difco), and enough distilled water to bring the volume to I liter. For BDG, 78 ml of autoclaved base medium was supplemented with 20 ml of horse serum, 0.2 ml of 1% phenol red, 66 mg of ampicillin per ml, and 1 ml of 50% glucose under sterile conditions, and the pH was adjusted to 7.8 with 1 M sodium hydroxide. For BDA, the base medium was supplemented as described above except that the glucose was replaced with 5 ml of 5% arginine hydrochloride and the pH was adjusted to 7.2. For GD, I g of agar was added to 80 ml of base medium and the preparation was autoclaved; the medium was completed by adding 20 ml of horse serum, I ml of 50% glucose, and I ml of ampicillin (66 mg/ml) under sterile conditions.
Strains and growth conditions. The strains used included M.
hyorhiinis BTS7' (= ATCC 17981T) ( DNA extraction. Genomic DNAs were extracted from mycoplasmas by the method described by Carle et al. (7) to evaluate PCR sensitivity. Following extraction, DNAs were purified by equilibrium centrifugation in CsCI-ethidium bromide continuous gradients as described by Sambrook et al. (36) . Sera and infection. Commercial mycoplasma-free tested sera from horses, newborn calves, and fetal calves were obtained from GIBCO-BRL, Cergy Pontoise, France. These sera were diluted five times in a physiological salt solution and infected with known amounts of broth-grown mycoplasmas, defined by determining the numbers of CFU and colorchanging units (CCU) as described by Rodwell and Whitcomb (32) . The CCU titration was based on the correlation between the growth of mycoplasmas and the color changes of broth media supplemented with appropriate pH indicators.
Treatment of seeded samples. Simulated samples (10 ml) were centrifuged in 13.2-ml Ultra-Clear tubes (Beckman Instruments, Palo Alto, Calif.) by using a type SW41 Ti rotor (Beckman Instruments) at 4°C for 30 min at 20,000 x g. The resulting pellets were resuspended in washing buffer ( Oligonucleotide primers for the PCR and oligonucleotide
probe. The existence of regions which exhibit sequence variability at the genus and species levels in mycoplasmal 16S rRNA genes allowed us to select genus-and species-specific primers for the PCR ( Fig. 1 and Tables 1 and 2 (Fig. 2) . Distinct bands were observed in ethidium bromide-stained agarose gels, and the detection limit was 10 fg, which is equivalent to 5 to 15 genome copies depending on the species tested. The speciesspecific PCR produced 449-, 505-, 584-, 583-, and 579-bp fragments for M. arginini, A. laidlawii, M. hyorhinis, M. orale, and M. fermentans, respectively ( Table 2 ). The last visible fragments were produced from 10 fg of template DNA, indicating that 5 to 15 microorganisms could be detected, depending on the species tested. When the amplified segments of DNA were hybridized with the complementary 32P-labelled oligonucleotide probe, GPO-1, the detection limit was raised 10-fold under both genus-specific and species-specific conditions (Fig. 2) with GPO-1 increased the sensitivity 10-fold. Thus, the limit of detection was estimated to range from 1 to 10 CCU/ml of PCR sample (i.e., 0.25 to 2.5 CCU/ml of serum sample). The results obtained by determining the number of CCU were confirmed by determining the number of CFU.
Evaluation of specificity. Under our conditions, the genusspecific primer set consisting of MGSO and GPO-1 was not absolutely specific to mollicutes depending on the concentration of DNA studied. Cross-reactions not mentioned by Van Kuppeveld et al. (43) In order to enhance the specificity of our method, we used the three-primer PCR described by Kai et al. (20) . We used RNA3, RNA5, and inner primer UNI -for the genus-specific PCR and ARG+, ARG -, and inner primer ARG2 for the species-specific PCR for M. arginini (Table 1) . The reaction produced an additional band having the predicted size (772 bp in the genus-specific PCR and 266 bp in the PCR specific for M. arginini), which confirmed the identity of the initial PCR product (1,055 bp in the genus-specific PCR and 655 bp in the PCR specific for M. arginini). The detection limit with this technique was also 10 fg (Fig. 3) .
DISCUSSION
Contamination of animal sera by mollicutes is a widespread problem that has biological and economic importance for cell culturists and serum processors. Since there is at present no reliable, reproducible, fast, sensitivc, specific assay for detecting mycoplasma infections in animal sera, our aim was to develop a procedure which is superior to classical microbiological culturing, AdoP activity screening, and indicator cell culture techniques. In this paper we describe the use of the PCR in a mycoplasma infection detection system for animal sera that is useful in laboratory and industrial applications.
The exquisite sensitivity of our PCR-based detection tech- on August 14, 2017 by guest http://aem.asm.org/ Downloaded from nique presented two major limits that we had to control. First, inhibition of the amplification reaction because of the presence of contaminants in samples has been described previously as a source of false-negative results (9) . No internal positive controls were included in the PCR, since the sera were intentionally infected. Tests to determine the detection limit with seeded animal sera revealed amplification around the threshold of mycoplasma concentration (10 organisms). Moreover, the PCR was not inhibited when undiluted sera were used (data not shown). Therefore, the possibility that main inhibitors were present under the conditions of our assay was eliminated. Second, since the PCR can generate millions of DNA copies in a 100-plI reaction volume, product carryover and exogenous DNA have been described in many cases as sources of contamination and, thus, false-positive results (9, 11, 22, 30) . Strict laboratory procedures (see Materials and Methods) were used to minimize the risk of contamination. Moreover, negative controls from concentration to extraction and the PCR steps were included to monitor contamination. The first requirement of the assay was high sensitivity in order to detect the presence of rare mycoplasmas in large volumes. Initially, we concentrated the samples and optimized each technical step of the method. The detection limit ranged from 5 to 15 mycoplasmas and was increased to I mycoplasma by using radioactive labelling. The results obtained with purified DNA were in agreement with the results of previous studies. Recently published detection limits have varied from 1 to 100 mycoplasmas, depending on the species tested, the PCR target, the primer design, and the PCR conditions used (6, 14, 21, 23, 29, 33, 37, 39) . Since between 10 and 100 mycoplasmas (1 to 10 mycoplasmas after hybridization) could be detected in PCR samples, fourfold concentration by centrifugation allowed the detection of less than 10 organisms per ml of original serum sample. Obviously, the concentration factor could be increased. Apart from the potential presence of inhibitors in sera, the loss of sensitivity of the PCR assay compared with purified DNA could be explained mainly by the yields of with a biotin-labelled DNA probe did not increase the sensitivity. Our results obtained with simulated animal sera were comparable to the results of these previous studies. Since the rRNA copy number is high (up to 10,000 copies per cell [43] ) and is much more than the copy number of the rRNA gene (1 or 2 copies per cell [13] ), the reverse transcription PCR (43) was used as a detection technique in our method. The results obtained under the conditions described by Van Kuppeveld et al. (43) could not be reproduced in our assay. We failed to increase the sensitivity, and nonspecific amplification was observed. This was due in part to stable RNA secondary structures that hampered reverse transcription and thus cDNA synthesis. The use of a nested PCR (29) resulted in an increase in sensitivity (data not shown), but this time-consuming technique was a source of contamination and nonspecific amplification. Therefore, we did not routinely use these two PCRderived techniques.
The second requirement of our assay was specificity to detect only mycoplasmas and not other microorganisms constantly present in unprocessed serum sublots and possibly in final lots of manufactured sera (2) . Because of cross-reactions observed with nonmycoplasma bacteria and even yeasts, the results obtained under genus-specific conditions alone lacked specificity. These cross-reactions were not mentioned by Van Kuppeveld et al. (43) , although we used more specific PCR conditions (a higher annealing temperature) than Van Kuppeveld et al. did. Since specificity experiments are dependent on DNA concentrations, the divergence could be explained by the use of higher concentrations in our assay. However, the combination of a universal (i.e., genus-specific) PCR followed by a specific (i.e., species-specific) PCR and Southern blot hybridization proved to be a highly specific approach. In fact, it enabled us not only to confirm that the amplification fragment was the fragment expected, but also to identify the contaminant mycoplasmas at the species level. With the exception of serological tests, including the immunoenzymatic detection kit (Boehringer Mannheim Biochemica, Mannheim, Germany), which at present is limited to four species, the specific PCR approach is the only detection assay that allows direct identification and thus determination of the source of contamination. Actually, a contamination course and eventually a hypothesis concerning the origin of the contaminant can be determined from the species identified. The combination of a universal three-primer PCR and a specific three-primer PCR is an attractive alternative to the protocol described above, because this technique allows rapid and simple identification of contaminant mycoplasmas. Unlike Southern blot hybridization, the three-primer PCR does not increase sensitivity, but it is faster and much simpler and avoids the disadvantages of handling radioactive materials. For these reasons, this approach can be used in every routine diagnostic laboratory or research laboratory in which the PCR is used.
When the detection methods used at this time are compared, only our PCR-based assay combines specificity that allows direct contaminant identification and the high level of sensitivity required to detect small contamination rates in commercial filtered sera. Our assay is also faster than culturebased methods. The results are available within 1 day, in contrast to the 2 to 6 weeks required by the microbiological culture techniques and the 1 to 3 weeks required by the cell culture-based techniques. Moreover, DNA staining (e.g., staining with 4',6-diamidino-2-phenylindole dihydrochloride) after cell culturing and microbiological culturing relies on subjective reading of the results. These detection assays require training and experience. On the other hand, interpretation of the PCR results is easy because it relies on an objective reading. Moreover, the PCR method is very repeatable, with no variation between replicate results of an experiment, and reproducible, with only slight variations between the results of replicate experiments. However, unlike culture-based methods, our assay does not differentiate dead mycoplasmas from viable mycoplasmas. Therefore, it could give a diagnosis of excess contamination and lead to elimination of sera containing dead mycoplasmas.
Our results suggest that the PCR has significant potential as a rapid, sensitive method for detecting and identifying myco-VOL. 60, 1994 on August 14, 2017 by guest http://aem.asm.org/ Downloaded from plasmas in animal sera. Compared with the time-consuming and fastidious indicator cell culture and broth-agar culture detection methods and the enzymatic detection method, which is not very specific, the PCR assay is a promising method, for the diagnosis of animal serum contamination by mycoplasmas. The method described above could provide an interesting alternative to the currently used detection methods. The viability and rapidity of the assay could be useful for cell culturists. Moreover, in the serum supply industry, this assay could be combined with a confirmation test to provide quality control procedures for animal serum producers, to improve the validity of results, and to reduce the time of quarantine. Although the results obtained with simulated samples described above are encouraging, the suitability of the assay for detection and identification of mycoplasmas in commercial animal sera remains to be established. Therefore, we are currently performing additional studies with a large number of commercial samples in order to validate the PCR assay.
